We use particle-in-cell modeling to identify the acceleration mechanism responsible for the observed generation of super-hot electrons in ultra-intense laser-plasma interactions with solid targets with pre-formed plasma. We identify several features of direct laser acceleration (DLA) that drive the generation of super-hot electrons. We find that, in this regime, electrons that become super-hot are primarily injected by a looping mechanism that we call loop-injected direct acceleration (LIDA).
I. INTRODUCTION
Over the last decade, laser facilities with peak intensity I > 10 20 W cm 2 have enabled the study of a variety of exciting applications including ion acceleration 1-3 , x-ray generation 4, 5 , and laboratory astrophysics 6, 7 . These applications are driven by the relativistic electron beams generated by ultraintense short pulse lasers interacting with plasma and, in general, are enhanced by maximizing the hot electron current and energies. It is therefore important
to understand the precise nature of how the electron beams are generated.
There are a variety of mechanisms by which a laser can couple its energy into relativistic electrons in plasma. First is the well-known laser wake-field scheme 8 where a short pulse laser interacts with low density plasma to produce a directional and high energy electron beam; however, the typical currents produced by the wake-field mechanism are lower than is generally desired for the above applications. On the other hand, solid-target interactions produce high current electron beams but suffer from broad energy [9] [10] [11] [12] [13] [14] and angular spread 15, 16 . In this case, the relativistic or "hot" electron population is typically generated when an intense laser interacts with the pre-formed plasma generated by amplified spontaneous emission incident on the solid target starting a few ns before the short-pulse laser. This electron population can often be characterized by a so-called "slope temperature" approximately given by the "ponderomotive energy" kT p kT p = m e c
cm 2 ] 1.37 * 10 18 − 1 (1) where m e is the electron mass, c is the speed of light, and λ is the laser wavelength. This scaling has been the subject of experimental 10, 17 , computational 9 , and theoretical 18 efforts.
This work seeks to answer the question of how the highest energies of the distribution, which
we term "super-hot", are produced when an intense laser interacts with a solid target with pre-formed plasma.
The super-hot region has been the subject of both theoretical scrutiny and computer simulation. Particle-in-cell (PIC) modeling has been used to study electron acceleration by an ultraintense short pulse laser in a plasma channel [19] [20] [21] [22] ; in particular, the betatron resonance mechanism was identified 20 as a way to enhance electron energies in a long plasma channel. Others have investigated the role of stochastic fields on electron acceleration [23] [24] [25] . PIC modeling was used to identify direct laser acceleration (DLA) as the mechanism responsible for the experimentally observed enhancement to electron and ion energy spectra when a high-contrast short-pulse laser interacts with the wall of a flat-top cone 26, 27 . For this case, electrons were injected directly into the intense laser field by the side of the cone wall, thus producing the enhanced spectra. PIC modeling and theory have also been used to identify an enhancement to DLA caused by the inclusion of static transverse 28 and longitudinal 29 electric fields. Compared to the free electron case, the static electric fields, like those in a laser-formed channel, can help slow the dephasing rate of the electron from the laser and lead to enhanced energies.
In this work, we use PIC modeling to investigate one of the most common and fundamental scenarios: a short-pulse laser incident on a flat, solid target with moderate scale-length pre-formed plasma. We identify all of the super-hot electrons (a small fraction of the total population) at the end of the simulation and reconstruct the histories of a large sample of the super-hots. In doing this we have found that a large majority of the super-hots are produced by a mechanism we call "loop-injected direct acceleration" (LIDA) which injects electrons into the peak intensity of the laser enabling large energy gain via DLA.
The LIDA mechanism is initiated by the early part of the laser pulse heating the region 
II. FREE ELECTRON INTERACTION WITH A LASER
Before discussing our simulation results, we consider the motion of a free electron initially at rest which interacts with a linearly polarized electromagnetic plane wave whose temporal and spatial features are an arbitrary function of φ. The vector potential A is given by
where ω is the laser frequency, t is the time, k = 2π/λ is the wavenumber, and z is the position along the propagation direction. The vector potential is related to the electric field E and the magnetic field B through
Using these relations the Lorentz force law
where v is the electron velocity, can be easily integrated. Substituting in the normalized vector potential a = eA/m e c where e is the elementary charge, we get the well-known solutions for the electron's momentum
where p x and p z are the transverse and longitudinal momentum of the electron and the subscript i indicates the initial condition. Therefore, the momentum of an electron evolving under theses conditions is fully defined by the difference between the initial and the current values of the vector potential. When a i = 0 the difference a − a i is limited to ±a 0 but when a i = ±a 0 the difference can be as much as ±2a 0 ; accordingly, the latter case enables much higher energies. The normalized energy rate of the electron is given by
where γ = 1/ 1 − (v/c) 2 is the relativistic factor. This relation can be easily integrated and, in combination with the Lorentz force law, gives the relation for the kinetic energy
.
where U e is the electron kinetic energy which scales with the quantity (a − a i ) 2 .
This simple analytical solution gives rise to two distinct cases: first, the non-injection case where a i = 0 and second, the injection case where |a i | > 0 (recall that a and a i are signed, unlike a 0 ). In the first case, the range of the electron's energy is limited to to U e,max 448M eV for the simulation conditions. As we describe below, we find two injection mechanisms which produce the highest energy electrons in our PIC modeling:
LIDA, where particles are injected into the laser by following a looping path as well as laser ionization-injection where an electron is ionized by the laser field and is immediately directly accelerated by the laser to high energy.
In practice, achieving the intense fields considered in this work is only possible by tightly focusing the short-pulse laser. The need to satisfy ∇ · E = 0 = ∇ · B gives rise to longitudinal electric and magnetic fields (which scale with 1/kw 0 , where w 0 is the beam waist), greatly complicating the theoretical expressions. The dynamics of an electron interacting with a focusing laser pulse have been considered analytically elsewhere [31] [32] [33] [34] [35] . In particular, the authors of reference 35 derive detailed expressions for the momenta and position; the authors of 34 make estimates for energy gain and dephasing time by making some simplifying assumptions. Our PIC modeling includes all of the effects of the putative laser focus as well as the self-consistent fields generated by the displacement of charge in the plasma.
III. MODELING PARAMETERS
We model a λ = 1µm Gaussian (175f s and ∼ 9µm temporal and spatial intensity FWHM, respectively) laser pulse with peak intensity I = 6 * 10 conditions. The Al plasma is initialized to a 5eV temperature and is comprised of 49 electron and 49 ion macro-particles per cell; the ions are initialized at Z = +3 and are further dynamically ionized using ADK rates 39 , but not collisions. The importance of LIDA is robust against variation in numerical parameters such as particle count or resolution.
In our simulations, each macro-particle is uniquely tagged allowing us to construct individual particle history tracks. First, all of the electrons with energy above 5M eV which cross into the solid density region and have thus escaped the laser-plasma interaction are identified. Having isolated the particles-of-interest from the much larger total population, individual position and momentum histories are reconstructed for all times in the simulation. This retrospective particle tracking method allows us to follow every particle in the simulation at all times but eventually focus only on those that become super-hots.
A sampling of 500 particles is investigated in each 5M eV wide bin in the range U e = 5 − 150M eV ; above 150M eV the total number of tracks in each bin is less than 500, so every track was investigated. The injection mechanism for each track is determined by inspection and comparison with the features described below. Based on this, we are able to separate the hot electrons into two distinct injection mechanisms: those injected by LIDA and those injected by laser ionization. A third group which is made up of relatively low energy electrons is also identified. Generally, the third group has no identifiable injection mechanism and typically has a stochastic path through the LPI region before gaining its energy from the laser and/or quasi-electrostatic fields; this group is referred to as "other".
IV. INJECTION AND ACCELERATION
Three individual representative particle tracks from the simulation are shown in FIG. 3 for each of the two observed injection mechanisms, LIDA (a and d) and laser ionizationinjection (b and e) as well as for tracks falling into the other category (c and f). The top three gets coupled into electrons with energy > 5M eV and travels into the solid target.
A. Laser Ionization-Injected Direct Acceleration
Particle tracks belonging to the laser ionization-injection group, including those shown in FIG. 3.b and 3 .e, are simple to identify. As in the figure, the laser ionization-injected super-hots are created in the low density plasma a large distance from the critical surface.
The critical surface is the density contour where the laser frequency is equal to the rela-
, where n is the electron density, 0 is the vacuum permittivity, γ L = 1 + of laser ionization-injected super-hot electrons originate in the lowest density region of the plasma. This is necessary for the highest energy particles since they require a relatively long acceleration length. However, there is a noticeable lack of laser ionization-injected particles at higher densities, which is unexplained.
B. Loop-Injected Direct Acceleration
The it is a low frequency effect that occurs in the plasma over many laser cycles; individual tracks, like the red and blue ones, don't necessarily exhibit this average behavior. The strongest fields in the region near the critical surface are a combination of the incident laser, reflected laser, and charge separation fields. As a result, the individual particle tracks in the heating stage are complex and stochastic. Furthermore, the critical surface is complicated by two intensity effects. First, laser ionization moves the critical surface away from solid density as ions are ionized to higher stages. Second, the critical surface is dynamically shaped 41,42 by relativistic transparency 43 . The superposition of these processes creates a temporally and spatially evolving critical surface and a stochastic environment which expels electrons, some of which will become the super-hots. LIDA electrons typically leave the critical surface region with energies in the range of 10 − 20M eV for these simulation conditions; these energies are selected by the strength of the magnetic field which creates the looping. regular charge arrangements that could produce the super-hot electron energies as in the wake-field acceleration mechanism.
The spatial profile of the laser pulse also plays an important role in LIDA. On average, electrons will tend to move against the gradient of the intensity of the laser; electrons near the center of the laser are pushed to weaker field regions. However, as in the plane wave discussion, the super-hot electrons have an extended acceleration length because they remain at approximately constant phase relative to the laser. The largest energies are achieved by electrons that move towards the center of the pulse where the laser field is strongest. This is evident in the tracks shown in FIG. 3 .d: the green track loops with x > 0 and is accelerated with p x < 0, the red and blue tracks loop with x < 0 and are accelerated with p x > 0.
V. DISCUSSION
The modeling in this paper represents a small part of the total explorable parameter space. Accordingly, the results presented above are subject to change under different conditions.
Here we speculate on varying a number of these parameters; however, making generalizations based on the isolation of individual parameters is difficult as the parameters are intrinsically coupled.
A. Peak Intensity
The large electron energies observed in our modeling require a large acceleration length (compared to λ). The v × B term in the Lorentz force law gives rise to electron motion along the laser propagation direction; as the strength of the field becomes large, the forward motion can become significant and even dominant. The transition to forward dominated motion occurs when the ratio p z /|p x | = |a−a i |/2 is greater than 1 which can occur for a 0 > 1.
However, a large acceleration length can only occur when the longitudinal momentum be- 
B. Pulse Length
Modern short-pulse laser facilities are now able to produce high intensity laser pulses with a wide range of pulse lengths. Lasers employing titanium-sapphire amplifiers are able to produce pulses shorter than 30f s whereas glass amplification systems typically operate in the 500 − 1000f s range. More recently developed hybrid systems are able to produce pulses similar in length to the one used in the above modeling.
In the case of the ∼ 30f s pulses, LIDA should not play much of a role due to time-of-flight restrictions on the electron. An electron simply does not have the time to be ejected from the critical surface region, loop backwards and re-enter the laser pulse in time to be injected into the peak intensity region of the laser. Furthermore, the magnetic fields that control the loop stage will likely not be able to grow fast enough to produce the looping paths. Absent a new, unknown injection mechanism, the energy spectrum should be cooler since a larger proportion of the hot electrons will have a i 0.
For 500−1000f s length pulses and longer, there is no time-of-flight issue and it is possible that the role of LIDA will be maintained. This may be consistent with the findings of Kemp, et al. 30 . Their modeling was slightly different from ours in that they started with a sharp interface and a > 1ps pulse. However, they observed a hotter energy spectrum as plasma expanded away from the sharp interface; they attribute the enhancement to direct laser acceleration of the expanding plasma electrons.
C. Focusing
The LIDA mechanism relies on the growth of ∇T × ∇n magnetic fields. By itself, the focusing determines the transverse intensity gradient and therefore the transverse thermal gradient of the electrons. Therefore, a tighter focus should produce faster growing magnetic fields with a smaller extent and softer focusing should produce slower growing magnetic fields but with a larger extent. The electrons that participate in LIDA are selected from the total population of electrons that exit the critical surface by the azimuthal magnetic field.
Weak focusing will therefore select lower energy electrons for LIDA and tight focusing will select higher energy electrons.
If the looping energy is significantly reduced due to a slowly growing magnetic field, the electrons may not be able to overcome the ponderomotive potential and be scattered out of the laser focus with low energy. However, in the modeling described above, the energy distribution (integrated over all angles; not shown) of electrons in the critical surface region when the average super-hot starts to loop is well-fit by an exponential function with a "slope temperature" of ∼ 5.6M eV . Therefore, a lower looping energy would also substantially increase the number of electrons that could participate in LIDA.
Significantly increasing the looping energy (and decreasing the spatial extent of the magnetic field) with a tighter focus will almost certainly reduce the number of particles that can loop and eventually become super-hot via LIDA. Furthermore, increasing the energy could cause the electrons to overshoot the laser and never get injected.
Practically speaking, changing the focusing most directly alters the laser intensity. The transverse profile of the intensity of a Gaussian laser at focus scales with e −r 2 /2w 2 0 where r is the radial distance from the focus; therefore, the peak intensity (and equivalently a 2 0 ) scales as 1/w 2 0 . As a result, both the energy an electron can gain from DLA as well as the magnetic field growth rate are a function of the focusing and it is difficult to determine how these competing effects balance without further modeling.
D. Pre-plasma Scale Length
The growth of the ∇T × ∇n magnetic fields also depends on the pre-plasma scale density gradient. In our modeling, we have used a 1D exponential decay with a cut-off for the plasma density; these magnetic fields will grow faster for shorter scale-length plasma. For this kind of pre-plasma density distribution, the scale length also defines the spatial extent of the plasma. We performed several calculations (not shown) to investigate the dependence of LIDA on the scale length and found that the role of LIDA is similar to the above results when L = 5µm but is significantly diminished when L = 1µm.
As the scale length is increased from L = 3µm, LIDA is initially expected to produce even higher energy electrons but will eventually diminish due to weaker magnetic fields and a larger region where v p is significantly different than c. However, it is reported by 20 that longer scale-lengths (though with a less intense laser) produce hotter distributions. In that case, the hotter distributions were reported to be produced by the betatron resonance mechanism. In the betatron resonance mechanism, electrons undergoing DLA are also forced by self-generated magnetic fields and electrostatic fields due to the ion channel formed by the ponderomotive expulsion of electrons. Both of these fields will radially pinch accelerating electrons; as explained in 20 , "when the frequency of the transverse electron oscillations in the self-generated static electric and magnetic fields (betatron oscillations) coincides with the laser frequency as witnessed by the relativistic electron, a resonance occurs". More recently, Arefiev 28 has shown that the frequency of electron oscillations across the channel can be strongly modulated by the laser field leading to parametric energy gain. This is distinct from the betatron resonance because it can occur out of the plane of polarization of the laser. However, LIDA and these acceleration mechanisms are not mutually exclusive since LIDA is an injection mechanism and the others are acceleration mechanisms.
For smaller scale lengths than considered in our modeling, the magnetic fields are expected to grow larger, but with smaller extent. As with the intensity gradients, this will have the effect of reducing the number of electrons which can participate in the process. Furthermore, the plasma will not support long acceleration lengths since the magnetic field does not extend into the vacuum.
VI. CONCLUSIONS
DLA is found to be the dominant acceleration mechanism for the generation of superhot electrons when an ultra-intense laser interacts with a solid with moderate scale-length pre-formed plasma. We have studied conditions similar to recent short pulse laser experiments using flat targets and we find that the majority of the super-hot electrons require a loop-like injection mechanism we call LIDA. This work could have implications for ion acceleration, especially hadron cancer therapy as well as bright x-ray production which are both enhanced for a hotter electron energy spectrum. Our findings should lead to improved hot electron coupling in a number of ways. For instance, a pre-plasma that enhances acceleration length and/or minimizes phase velocity mismatch may be possible with the development of advanced targets specifically designed to enhance the delivery of looping electrons.
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